Objective: The aim of this study was to establish the frequency of ATXN2 polyglutamine (polyQ) expansion in large cohorts of patients with amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), and progressive supranuclear palsy (PSP), and to evaluate whether ATXN2 could act as a modifier gene in patients carrying the C9orf72 expansion.
these neurologic disorders. Furthermore, we tested patients carrying the C9orf72 mutation to assess whether ATXN2 could act as a modifier in the presence of a C9orf72 expansion.
METHODS Standard protocol approvals, registrations, and patient consents. The Ethics Committee of Assistance Publique-Hôpitaux de Paris approved this study. All the study participants signed a written informed consent.
Patients and controls. We screened a total of 1,144 patients with ALS (735 sporadic, 409 familial), 203 patients with FTD (124 sporadic, 79 familial), 168 patients with FTD-ALS (97 sporadic, 71 familial), and 109 patients with PSP (107 sporadic, 2 familial) for ATXN2 repeat length (table 1). The population consisted of index cases of unrelated families. Cases were considered familial when at least a first-or second-degree relative had FTD, PSP, or ALS. Cases were considered sporadic when there was no FTD/ALS spectrum disease or PSP in the family over 4 generations, even though the family history was sometimes incomplete or censored. 2 FTD was diagnosed based on international diagnosis criteria, 3 ALS was diagnosed based on the El Escorial criteria established by the World Federation of Neurology, 2 and PSP was diagnosed clinically according to the international consensus diagnostic criteria. 4 Patients with ALS were evaluated with standardized behavioral procedures for cognitive impairments whenever this was possible, considering the rapid progression of the disease in these patients.
The French Research Network on FTD/FTD-ALS collected DNA samples from patients with FTD and PSP. Patients with FTD were previously screened for mutations in FTD and ALS genes (PGRN, MAPT, C9orf 72, VCP, CHMP2B, PFN1, UBQLN2, SQSTM1, TARDBP, FUS/TLS, SOD1, ANG, TREM2), 5-10 and only patients who were found to be negative for known mutations (except for C9orf72) were included in this study. Patients with PSP were assessed for variants in MAPT, PGRN, and C9orf72. 6 Patients with familial ALS were previously screened for mutations in ALS-causing genes (C9orf72, SOD1, TARDBP, FUS/TLS, OPTN, ANG, VAPB, PFN1, SQSTM1, UBQLN2, SS18L1). [11] [12] [13] [14] [15] [16] Major genes (C9orf72, SOD1, TARDBP, FUS/TLS) were also analyzed in patients with sporadic ALS, and all patients with ALS (with or without mutation in these genes) were screened for ATXN2.
In this study, we included 322 patients carrying the pathogenic (.23 GGGGCC repeats) C9orf72 expansion (202 ALS, 63 FTD-ALS, and 57 FTD). 6, 11 We used DNA samples from 682 unrelated French participants without history of neurodegenerative disorders as controls.
Determination of ATXN2 CAG repeat size. We determined the polyQ repeat size in exon 1 of ATXN2 using a fluorescent PCR, as previously described, 17 running PCR fragment on an ABI3730 sequencer (Applied Biosystems, Foster City, CA) with the LIZ-500 size standard (Applied Biosystems). We assessed fragment length using the Peak Scanner Software v1.0 (Applied Biosystems).
Statistical analysis. We compared the frequencies of the different ATXN2 CAG sizes between each patient group and the control group using the x 2 distribution test and the Fisher exact test, as appropriate. In all tests performed in this study, we tested the hypotheses separately and considered p values below 0.05 significant. We used the SPSS Inc. software (PASW statistic 18, for Windows) to perform statistical analysis.
RESULTS
Most of the controls analyzed (99.5%) had fewer than 28 ATXN2 polyQ repeats, and the majority of them (96.7%) had fewer than 26 triplets. A limited number of controls carried 29 and 30 polyQ repeats (0.4% and 0.1%, respectively). None of the control cases had more than 30 repeats, in agreement with a previous study in the same population. 18 The distribution of the polyQ lengths was different in the 4 cohorts analyzed (table 2 and the figure).
In the FTD-ALS group, the presence of $29 repeats was associated with the disease. In fact, 6/168 patients with FTD-ALS (3.57%) and 4/682 controls (0.59%) carried more than 29 repeats. Considering familial and sporadic cases separately, only familial cases were different from controls.
We observed an association of ATXN2 repeat length $29 in patients with ALS. Thirty-five patients (17 familial ALS, 18 sporadic ALS) had $29 repeats, and 22 of them (11 familial ALS, 11 sporadic ALS) had $31, compared to none in the controls (p 5 5.599 E-5). The association was stronger when considering the familial cases, but it was still consistent even when considering the sporadic cases by themselves. All patients carrying $31 repeats had ALS, either with or without FTD.
We did not find any difference in patients with PSP compared to controls (all of them were #28). In the FTD cohort, only 2 patients had 29 repeats, with a frequency that was very similar to that observed in the controls (0.98% vs 0.59%). No patients with PSP or pure FTD had .29 repeats.
In the cohort of C9orf72 expansion carriers, overall 3.1% of these patients carried an intermediate ATXN2 repeat length, detected in 2.5% of patients with ALS, 8.8% of patients with FTD-ALS, and 0% of patients with FTD (table 3 and table 4 ). In the cohort of patients negative for C9orf72 expansion, we found the ATXN2 intermediate allele in 3.6% of patients with ALS, 6.3% of patients with FTD-ALS, and 1.4% of patients with FTD (table 4) . Considering the total number of carriers of $29 ATXN2 repeats (43 patients), 23.2% of them also carried a pathogenic C9orf72 expansion (10/43 patients). Patients carrying both C9orf72 and ATXN2 expansions had FTD-ALS (5/10), familial ALS (4/10), and sporadic ALS (1/10) ( 19 In 2010 it was proposed that intermediate-length expansions, greater than 23 but below the threshold for SCA2, contribute to susceptibility to ALS. 1 This link has been consistently supported by the demonstration that ATXN2 protein associates with TDP-43, modifies its toxicity, and induces its mislocalization in yeast and Drosophila. 1 ATXN2 localization is also altered in spinal cord neurons from patients with
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Refining the size of the ATXN2 repeats in the spectrum of the FTD-ALS neurodegenerative disorders
Results from our study demonstrate that $31 ATXN2 repeats are significantly associated with ALS. ALS 5 amyotrophic lateral sclerosis; FTD 5 frontotemporal dementia; PSP 5 progressive supranuclear palsy. ALS carrying the expanded allele, showing more cytoplasmic accumulation. 1 ATXN2 also modifies FUS pathology in cellular models of ALS, co-localizes with FUS in sporadic ALS patient motor neurons, co-precipitates with FUS in ALS spinal cord lysates, and co-localizes with FUS in the ER-Golgi compartments in neuronal cell lines. 20 Because of the presence of TDP-43 inclusions in many neurodegenerative diseases and the heterogeneity of their clinical presentation, a number of studies have evaluated ATXN2 repeat sizes in patients with neurodegenerative diseases. 17, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] All the studies confirmed a significant association between intermediary repeat lengths and ALS, which is even stronger when familial cases are considered separately from sporadic cases. An association has also been found with PSP. 24 No association of ATXN2 repeats has yet been described with FTD, 24, 31 but intermediate repeats are more frequent in Parkinson disease (PD) in a Japanese patient population 33 and ATXN2 polyQ expansions have also been reported in European patients with PD. 34 In the present study, we analyzed the size of ATXN2 repeats in a large French cohort of patients and controls. We found no expanded repeats in patients with PSP, in contrast to what has been reported in the past. 24 It could be because of the different origin of the patients examined (the association was found in samples from the Mayo Clinic Jacksonville) 24 or because of the smaller size of our PSP patient cohort.
Intermediary repeat length was not associated with FTD, as previously reported by other groups. 24, 31 Taken together, these data suggest that ATXN2 does not increase the risk of developing familial or sporadic FTD.
For the first time, the present study describes a significant association between $29 ATXN2 repeats and FTD-ALS. In particular, the association is stronger when considering familial FTD-ALS cases. Previous studies have thus far reported only 10 familial FTD-ALS cases screened for ATXN2 repeat expansions, 31 too small a cohort to determine an association in this clinical phenotype. Our results indicate that the ATXN2 intermediate repeats also influence FTD-ALS risk. The highest association with these repeats was found in patients with familial and sporadic ALS.
Of interest, we detected 10 patients concurrently carrying intermediate ($29) ATXN2 repeats and pathogenic C9orf72 expansion. The occurrence of mutations in more than one gene supports the idea that ALS could be considered an oligogenic disease, 30, 35 with some of these genes displaying mendelian inheritance and a number of other genes acting as disease modifiers by influencing penetrance and pleiotropy. Indeed, in support of this view, C9orf72 repeat expansions have also been found to occur in Table 3 ATXN2 intermediary polyglutamine repeats co-occur with C9orf72 hexanucleotide repeat expansions patients carrying variants in a major ALS-or FTDcausing gene, such as TARDBP, SOD1, FUS, GRN, UBQLN2, OPTN, VAPB, and ANG. 36 In our study, only 1/18 sporadic ALS ATXN2 carriers had the C9orf72 expansion (and none of them had a mutation in another ALS gene), suggesting that ATXN2 by itself is a strong risk factor for ALS. Conversely, 4/16 patients with familial ALS and, most importantly, 5/7 patients with FTD-ALS (3/5 familial and 2/2 sporadic) carried both C9orf72 and ATXN2 expansions. Most interestingly, in the cohort of C9orf72 carriers, we found the co-occurrence of C9orf72 and ATXN2 repeats in patients with ALS and FTD-ALS, whereas it was absent in patients with FTD. These results suggest that ATXN2 polyQ expansions could act as a strong modifier in FTD and ALS, and, in particular, the presence of the ATXN2 expansion in the context of a C9orf72 mutation could drive the clinical phenotype toward the ALS side of the FTD-ALS spectrum.
Furthermore, the concomitance of ATXN2 and C9orf72 repeats could influence the age at onset, the survival, and/or the phenotype in FTD-ALS cases, but the number of patients carrying both ATXN2 and C9orf72 repeat expansions in the present study (n 5 10) is insufficient to draw any conclusion at this point. Future studies are also needed to confirm that ATXN2 intermediary repeats act as a risk and/or modifier factor in the FTD-ALS disease spectrum in the presence or absence of C9orf72 repeat expansions.
